) toward a location within the cell's receptive field, whereas other studies have suggested that the In daily life, we often take for granted our ability to critical factor can sometimes be the task-relevance of perceive external space and to act spatially within it, a particular location, regardless of the motor response but this overlooks some complex issues. Space is coded that will be made to it [24][25][26]. by several different sensory systems (e.g., vision and
(either a saccade or a button press) to the side of the target. Using visual or tactile stimuli at different locations (left or right) allowed us to highlight any brain activations that depended on target position (e.g., contralateral activations), and also to assess whether these were restricted to stimulation of just one particular modality (vision or touch) or instead applied for both (thus indicating multimodal spatial specificity). Critically, crossing these manipulations with the use of two different motor tasks further allowed us to address the central question of whether different parietal regions are involved in representing spatial locations multimodally when different effector systems are used to execute a spatially directed motor response toward the target location. Alternatively, some areas might represent behaviorally relevant locations irrespective not only of the stimulated modality (vision or touch) but also of the type of spatial motor response (with eye or hand).
Results
We measured overt responses throughout each scanning session by using an eye-tracking system with remote optics, plus electronic switches on each side to record manual button presses. Saccadic latencies were defined by horizontal eye position exceeding 2Њ of visual angle from central fixation. Analysis of behavioral data revealed only a main effect of the type of movement (p Ͻ 0.001), with saccades yielding faster reaction times (means of 366 ms for saccades and 503 ms for button . Additionally, medial occipital cortex also showed increased activity during saccades. The portion As expected, manual responses activated the superior precentral gyrus contralateral to the response side of this medial occipital activation lying in the calcarine fissure showed a significant effect of saccade direction, (see Table 1 ; also Figure 2, green and red). In addition, increased activity for responses with the contralateral with higher activity for saccades toward the ipsilateral side (see Table 1 ). These occipital activations are likely hand were also detected in the anterior part of the superior parietal gyrus (see Table 1 ), confirming the presence to reflect the changes in visual input when the eyes moved (which would apply equally after visual and tacof hand-related functions in human parietal cortex. The saccade task activated a more caudal region in posterior tile targets in our procedure; see Experimental Procedures). This is unlikely to be the case for frontal and intraparietal sulcus (pIPS) than was found for handmovements. Unlike the hand-related effects, the parietal parietal effects, for which single-cell recordings have found neurons that respond not only during saccade activations for saccades were found bilaterally and irrespective of response side (see signal plots 2E and 2F).
execution (which will typically produce some change in the retinal input), but also during saccade preparation The saccade task also bilaterally activated a region at the junction of superior frontal sulcus with precentral [26, 28]. Overall, these initial results highlight two sepa- inferior intraparietal area (iIPS; magenta) was not selecCritically, this differential activity as a function of target tively activated for only one specific combination of senside was observed irrespective not only of target modsory-motor transformation but rather that it was involved ality but also of motor response type, thus revealing both for manual responses to visual targets and also multimodal but effector-independent spatial activations for saccades to tactile targets (see magenta bars in for these particular parietal regions. 
Discussion
and critically showed for the first time that these can be activated multimodally irrespective of the spatial motor task (eye or hand). These results thus indicate that speThe present study manipulated side (left or right) and modality (visual or tactile) of a target stimulus, plus the cific regions of parietal cortex may code behaviorally relevant spatial locations in a manner that depends neitype of spatially directed motor response that the target stimulus required (saccade or manual button press). The ther on the modality of stimulation nor on the final motor command required to execute the motor task. use of targets at different positions and in different modalities allowed us to identify brain areas showing reTwo parietal regions showed such multimodal spatial activations. These were the posterior part of the superior sponses that were spatially specific for stimulation of one or the other hemifield but that were independent of parietal gyrus (pSPG) plus the anterior part of the intraparietal sulcus (aIPS), in both of which activity was the modality of stimulation (i.e., spatial representations that are "multimodal" in this sense). Critically, our further higher for contralateral than for ipsilateral targets regardless of not only stimulus modality but also the type crossing of these manipulations with the use of two different motor tasks assessed whether the engagement of motor response. Activity in the intraparietal sulcus has been previously reported in several studies that of such multimodal spatial representations depends on the type of movement required. The results demonused visual and tactile stimulation (e.g., [18] ). Elsewhere we have demonstrated contralateral spatial selectivity in strated the existence of multimodal spatial representations in contralateral regions of human parietal cortex anterior intraparietal cortex during tasks of endogenous [31] This difficult issue has long been debated within the single-cell literature on parietal cortex (e.g., see [26, 28]). for related findings during passive stimulation in vision or touch). The present findings go beyond all these reAlthough our study alone is unlikely to end this debate, our finding of both motor-specific (see below) and mosults by showing that even in the context of overt spatial orienting of different types (here saccades or lateralized tor-independent activation in parietal cortex does indicate some segregation between areas specifically inmanual responses), activity in parts of the superior parietal gyrus and anterior intraparietal sulcus is affected volved in one type of motor task only and those engaged irrespective of the final motor command. Future experiby target location but not by target modality and, critically, not by motor-response type, either. This suggests ments could use multisensory imaging paradigms similar to the one introduced here to separate brain activity that the current motor set is not critical for activating these multimodal spatial representations in parietal associated with the planning versus execution of different types of movements by introducing variable delays cortex.
We should note that the present design did not sepabetween target and movement execution. Such studies may reveal whether the multimodal and motor-indepenrate the intention to move toward one or the other hemifield from the actual execution of the overt spatial movedent activations reported here relate to just a preparatory phase or can be observed during movement execument. Thus, a possible interpretation for the common contralateral activation in some regions of parietal cortion itself. In any case, the present results already indicate that at some stage in sensory-motor transfortex for both saccadic and manual responses is that these areas are associated with an early stage of movemation, selection of relevant locations activates the posterior part of the superior parietal gyrus (pSPG) and the ment planning (rather than movement execution) when the final type of motor command is still not specified.
anterior part of the intraparietal sulcus (aIPS) contralaterally, irrespective of the type of movement to be perThis might accord with the notion that parietal cortex contains some spatial representations that emphasize formed toward that location or the sensory modality of the target there. the current relevance of a given location, irrespective Different patterns of activation were detected in other Our study also found activation of different (more inferegions of parietal cortex. In two distinct parietal regions, rior) intraparietal regions for both key presses in reactivity increased either for conditions requiring sacsponse to visual targets and saccades in response to cadic responses (pIPS, see Table 1; plus figures 2 and tactile targets. This inferior activation included the lat-3, blue) or for those requiring responses with the contraeral/ventral bank of the intraparietal sulcus and exlateral hand (aSPG: see Table 1 were modeled as confounds. Linear compounds (contrasts) were then used for determining the effect for each of the eight target/ Stimuli and Task response conditions across the four sessions, producing one image Subjects lay in the scanner and rested each hand on a plastic supper condition per subject. These contrast images then underwent port on the corresponding side. On each side there was an LED the second step, which comprised a multiple regression that modcluster for presenting visual stimuli and a piezoelectric component eled condition and subject effects. Again, linear compounds were (T220-H3BS-304, Piezo Systems Inc., Cambridge, USA) for delivused for comparing the eight target/response conditions, but now ering unseen tactile stimulation to the thumb. The peripheral LEDs between-subjects variance (rather than variance between scans) and the subject's thumbs were 10Њ of visual angle from a central was used. LED. The peripheral LEDs were placed directly in front of the thumbs, Our analyses aimed to identify brain regions involved in three so that visual and tactile stimuli could be delivered in close spatial types of processes: motor performance, multimodal spatial repreproximity on either side (see also [44] for a schematic illustration of sentations, and any interactions between target modality and rethe apparatus; but note that here tactile stimuli were delivered via sponse type. Movement-related activities were further separated piezoelectric components rather than air-puffs and that the two into side-specific versus side-independent categories. We investiLEDs within each side were now a directly adjacent pair). The scangated side-specific activations by using the effect of side for one ner environment was dimly lit, and subjects viewed all LEDs and type of movement (e.g., left versus right button presses), at a threshboth hands through a mirror system. This comprised two mirrors old of p-corr. ϭ 0.05, corrected for multiple comparisons. To ensure placed on top of the whole-head RF coil, such that LEDs and the that any such effect of side was indeed specific to one type of subject's thumbs could be viewed without any mirror-image revermovement, we adopted the additional constraint that all voxels sal. comparison only we used the contralateral parietal lobule for the Data were analyzed with SPM99 (www.fil.ion.ucl.ac.uk). For each correction [50] (but note that relaxing this constraint did not reveal subject, we corrected acquisition timing by using the middle slice any activation of parietal cortex ipsilateral to the target side). For as a reference [45] , and the 524 volumes were realigned with the completeness, we also report any contralateral effects in parietal first volume. To allow intersubject analysis, we normalized images cortex that reached p Ͻ .001 uncorrected when these fell in symmetto the Montreal Neurological Institute (MNI) standard space [46] ric regions to a corrected activation for effects contralateral to the by using the mean of the 524 functional images. All images were presented target in the other hemisphere. All other effects are resmoothed with a 10 mm isotropic Gaussian kernel.
ported as significant only after correction for multiple comparison Statistical inference was based on a random-effects approach with the whole brain as the volume of interest, plus a minimum [47] . This comprised two steps. First, for each subject, the data cluster-size threshold of 25 voxels. were best-fitted (least square) at every voxel via a linear combination of effects of interest, plus confounds. The effects of interest were the Eye Tracking timing of the eight target/response event types (given by crossing Eye position was monitored with an ASL Eye-Tracking System that was custom adapted for use in the scanner (Applied Science Laboraof the three factors: target modality, response type, and side). In
